Abstract: Fiber-based multimode combiners allow for wavelength and power scaling of laser sources while maintaining a common emission aperture and divergence. For applications in the mid-infrared spectral band, chalcogenide glass optical fibers are one of the few alternatives with high-power beam delivery. We demonstrated a 7 Â 1 multimode fiber combiner based on a sulfide-based multimode chalcogenide fiber with 9 76% per-port transmission. Wavelength combining and power scaling in the mid-infrared are demonstrated through the fiber combiner.
Introduction
Multimode fiber combiners allow for incoherent power and spectral combination of multiple light sources. Both applications are of particular interest in the mid-wave and long-wave infrared wavelength ranges. Few high power sources exist in the infrared, and these are currently restricted to narrow wavelength ranges, e.g. CO and CO2 laser emissions, mid-infrared quantum cascade lasers, etc. Even where multi-watt sources are available, there is a constant interest for systems with increasing output powers. Applications where broadband sources emitted from a single aperture with coaxially propagating wavelengths also benefit from the development of multimode fiber combiners, as the restriction on the bandwidth of individual sources is relaxed by combining multiple sources together. In particular, compared with free-space or spectral beam combining, fiber multimode combiners allow for complete isolation of individual sources from each other, removing the large spatial scale stability requirement (thermal and vibration) for alignment of multiple beams with bulk optics.
Practical uses of multimode fiber combiners involve light propagation over spatial lengths on the order of meters. Absorption losses in the mid-wave and long-wave infrared limit the class of materials to a few infrared transmitting fibers [1]. Here we focus on the fabrication of combiners with chalcogenide fibers for the mid-wave infrared, more specifically with arsenic sulfide based optical fibers. Arsenic sulfide fibers show long term environmental stability [2] , high power handling [3] , [4] , and wide transmission window extending out to 6 m [5], [6] . Infrared fiber couplers [7] have been previously demonstrated in 2 Â 2 configurations for signal combining [8] , but are not suitable for power scaling applications. In addition, arsenic sulfide glass has a wide glass forming region, allowing the refractive index of arsenic sulfide glass to be easily tailored by controlling the arsenic/ sulfide ratio of the glass while maintaining stable glasses. Tailoring the ratio of sulfur to arsenic alters the refractive index of the resulting glass with only small shifts in the softening temperature [9] . The wide glass formation region and close softening temperatures permit the fabrication of infrared fiber combiners based on multiple glass compositions, with the initial fiber core, fiber clad, and combiner outer jacket all composed of different yet compatible materials. Consequently, the numerical aperture (NA) of the input fiber and output fiber combiner can be easily controlled.
Setup
A fused multimode fiber combiner was fabricated by controlled heating and tapering of multiple fibers inside an outer cladding tube. For an N-element multimode coupler, N fibers are stripped of their polymer jackets, cleaned, and threaded into a glass tube of appropriate dimensions. The natural packing density for fibers with round cross-sectional shapes is hexagonal packing, which leads to natural packing for N ¼ 7, 19, 61, etc. The tubes and fibers used were based on arsenic sulfide glass, having a softening point close to 200 C. A graphite resistive element was used as the heating source, and the fibers and tube were mounted on a pair of translation stages. Movement of the stages at different relative speeds induces a tension on the tube; if the temperature of the tube is around the softening point, the tube collapses and stretches. Careful control of the speeds allows for tailoring of the downward taper, maintaining a constant waist over a relatively large distance ($40 mm) and control of the upward taper slope. Each fabricated taper was cleaved near the center of the waist, mounted on an aluminum enclosure, and connectorized. The complete taper devices were less than 3 00 in length, by 0:25 00 Â 0:25 00 in cross-sectional width. Fig. 1 shows a schematic of the tapering process as well as an image of a finished device. Although not shown in Fig. 1 , currently, a long pigtail is threaded on the left side of the taper (arbitrarily chosen, to be used for characterization) with a short bare fiber pigtail ($10 mm) in the right side. The processing could be improved to yield simultaneously two symmetric tapers for each fabrication step.
The NA of the fiber used in each port as well as of the final combiner was measured using an output far-field radiation pattern measurement setup [10] . The light source was a fiber-coupled laser diode with wavelength emission centered at 1.98 m. The laser emission propagates through a mode mixer and is focused at an NA exceeding 0.6 into the fiber under test. The mode mixing and high input NA are used to ensure all modes are homogeneously excited in the fiber. A cladding mode stripper is used to remove any light propagating in the cladding. The angular spread of the intensity distribution is measured at approximately 1 m distance. The laser diode is modulated at 1 kHz, and the detected signal is filtered by a lock-in amplifier. Mode averaging is induced by a small vibration of the fiber during detection.
Per-port fiber transmission was measured with a standard cut-back method [11] . The NA setup was modified by connecting the fiber output directly to a 2-in diameter gold-coated integrating sphere. The integrating sphere reduced the effects of any imperfections in the fiber cleave and ensured all light emitted from the fiber was collected.
Results
A 7 Â 1 multimode fiber combiner was formed from seven multimode arsenic sulfide fibers with 100 m core and 170 m cladding approximately 2 m in length. The fibers were fabricated from highly purified As-S core and clad glasses drawn by double crucible process [5] . The NA of the multimode fiber was measured to be 0.25 at 1.98 m. An outer glass tube was fabricated by extrusion and reduced in diameter using a preform fiber draw tower. The composition of the outer tube glass had a lower percentage of sulfur (with respect to the fiber cladding) and was designed to obtain an NA of 0.5 for the output of the combiner. The seven fibers were threaded into the tube, and the tube collapsed around the fibers. Hexagonal packing was confirmed through optical microscopy. Fig. 2 shows the end face of a typical fiber combiner after processing. The final dimensions of the combiner were measured by fitting a circle to the hexagonally packed cores and the outer cladding, showing a final core diameter of 202 m, cladding of 415 m, and average compression of the initial fiber cores of 0.45.
The NA of the combiner as well as the per port throughput were measured at 1.98 m wavelength. Fig. 3 shows the measured NA for the fiber combiner as well as for each of the input fibers. The NA is fitted with a supergaussian, indicating a resulting NA of 0.51. The signal fluctuation at the peak of the NA curves in Fig. 3 is associated with modal interference, but did not affect the quality of the supergaussian curve fit. Table 1 shows the per-port transmission for a fiber combiner. The average transmission per port corrected for the endface reflections was 84%, with no port showing less than 76% transmission. Efficient light transmission in a multimode fiber coupler must satisfy the brightness conservation condition [12] 
where NA in and NA out are the NA of the input and output fiber; d in and d out are the dimension of the input cladding and output core, respectively; and N is the number of ports in the combiner. Given the measured NA and fiber diameters, Equation (1) for brightness conservation suggests even higher transmission, approaching near unity, should be possible for the fabrication condition of the combiner described in Table 1 . We believe current losses to be associated with scattering at the tube-fiber interface. Processing in a clean-room environment with surface activation of the materials through plasma cleaning could reduce some of the observed losses.
Contrary to single mode wavelength multiplexers, multimode fused fiber combiners do not display interferometric oscillations of the transmitted signal with varying wavelengths [13] . Fig. 4 shows the wavelength dependent transmission of a sample port in the fiber combiner confirming no wavelength dependence of the output signal. The fact that multiple sources with different wavelengths can be combined with a multimode fiber combiner was demonstrated by coupling two distinct quantum cascade laser sources and a laser diode. Fig. 5 shows the spectral output of the sources separately (top) and combined (bottom). Apart from a small fluctuation of the spectrum from the quantum cascade laser around 4650 nm, the same emitted spectrum is observed at the output when all lasers are active, allowing for wavelength combination of multiple spatially isolated sources with a single emission aperture.
Although Arsenic sulfide fibers have demonstrated high power handling, we have performed preliminary testing on the power handling on the fabricated infrared fiber combiners. The power handling of the fiber combiner was investigated with both 2-m wavelength Thullium fiber laser and a 4.6-m quantum cascade laser. Both laser systems were modulated at 1 kHz. No damage was observed at the maximum power of either laser system. Coupling from the quantum cascade laser into the fiber was not optimized, with a maximum output power of 0.46 W; limited only by the maximum laser power. No damage was observed up to the maximum output of the Thullium laser, with 5.9 W of light coupled into the combiner. Current power testing has been limited by the availability of laser sources and beam quality, with higher power and environmental testing planned for the near future. 
